Microbial uptake of dissolved phosphorus (P) is an important lever in controlling both microbial production and the fate and cycling of marine P. We investigated the relative role of heterotrophic bacteria and phytoplankton in P cycling by measuring the P uptake rates of individual microbial groups (heterotrophic bacteria and the phytoplankton groups Synechococcus, Prochlorococcus, and picoeukaryotic phytoplankton) in the P-depleted Gulf of Mexico. Phosphorus uptake rates were measured using incubations with radiolabeled phosphate and adenosine triphosphate coupled with cell sorting flow cytometry. We found that heterotrophic bacteria were the dominant consumers of P on both a biomass basis and a population basis. Biovolume normalized heterotrophic bacteria P uptake rate per cell (amol P μm -3 hr -1 ) was roughly an order of magnitude greater than phytoplankton uptake rates, and heterotrophic bacteria were responsible for generally greater than 50% of total picoplankton P uptake. We hypothesized that this variation in uptake rates reflects variation in cellular P allocation strategies, and found that, indeed, the fraction of cellular P uptake utilized for phospholipid production was significantly higher in heterotrophic bacteria compared to cyanobacterial phytoplankton. These findings indicate that heterotrophic bacteria have a uniquely P-oriented physiology and play a dominant role in cycling dissolved P.
Introduction
Microbial activity plays a central role in defining the flow of material through the surface ocean, regulating the chemical form and rate of transfer of material through this critical component of Earth systems. Phosphorus (P) is an essential element for all life, and the rate of microbial uptake of P is an important lever in controlling both the rate of microbial production and the fate and cycling of P in marine systems (Karl, 2014) . Within the marine microbial community there is a wide array of metabolic functions (Giovannoni and Stingle, 2005; Kujawinski, 2011) . These diverse physiologies are reflected in variation in microbial nutrient uptake rates and affinities for different quantity and quality of substrates (Duhamel et al., 2007; Björkman et al., 2012; White et al., 2012; Lomas et al., 2014) . By investigating the variation in microbial P uptake rates, we can provide insight into both the relative P needs of different microbial groups and the ecological role that these microbes are playing in the flux of P through the surface ocean.
Oligotrophic, P-depleted environments are critical biomes for defining the role of the ocean in the global carbon cycle, occupying large areas of the subtropical gyres (most notably the Sargasso Sea and southwest Pacific) as well as the Red and Mediterranean Seas (Krom et al., 1991; Li et al., 1998; Fuller et al., 2005; Moutin et al., 2005; Thingstad et al., 2005; Mather et al., 2008; Lomas et al., 2010) . The offshore Gulf of Mexico is an oligotrophic environment where dissolved inorganic P (DIP) is exceedingly low in the surface ocean (Edwards et al., 2011) and is sometimes limiting for bacterial and phytoplankton production (Pomeroy et al., 1995; Turner and Rabalais, 2013) . Cell-specific microbial P uptake rates have never been investigated in this
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4 region of the ocean, although they would provide useful insights into variation in microbial P dynamics in oligotrophic, P-depleted environments.
The pool of dissolved P that supports microbial activity is composed of both DIP and dissolved organic P (DOP), at ratios that vary widely across marine environments (Karl and Björkman, 2015) . Studies thus far have indicated that phosphate (PO 4 , the primary form of DIP) is bioavailable to and utilized by all marine microbes, though many microbes are also capable of utilizing DOP (Dyhrman et al., 2007) . Understanding the relative uptake of these two forms of P is of key importance for understanding the factors controlling microbial productivity, particularly in areas where P is at low concentrations and is potentially limiting microbial productivity.
In the open ocean, the most abundant microbes, often by an order of magnitude, are small, non-pigmented heterotrophic bacteria (Azam et al., 1983; Ducklow, 2000; Jochem et al., 2004) . Phytoplankton in oligotrophic open ocean environments are generally dominated by the small, unicellular cyanobacteria Prochlorococcus (Pro) and Synechococcus (Syn) (Li et al., 1983; Raven, 1998; Partensky et al., 1999) . Flow cytometry with fluorescence activated cell sorting provides a powerful tool for differentiating these microbial groups within the mixed microbial community present in the environment . By coupling cell sorting flow cytometry with isotope labeling it is possible to measure the cell-specific nutrient uptake rates in these distinct populations (Li, 1994; Zubkov et al., 2007; Casey et al., 2009; Michelou et al., 2011; Björkman et al., 2012; Lomas et al., 2014) . These tools have been applied in several oligotrophic environments, but relatively few studies have investigated the uptake of both DIP
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and DOP, and none have extended these findings to determine rates of uptake into specific cellular biochemicals within environmental populations.
This study makes novel measurements of both microbial DIP and DOP uptake rates in individual microbial groups in the oligotrophic Gulf of Mexico, and investigates the intracellular factors that may contribute to the variation in microbial P uptake rates, providing new insight into the physiology and functioning of different microbial groups in the environment. We used cell sorting flow cytometry to determine the cellular rates of DIP and DOP uptake into heterotrophic bacteria, Pro, Syn, and the larger pigmented picoplankton (broadly grouped together as eukaryotic phytoplankton, euk). Our aim was to identify the major microbial players in P cycling in the Gulf of Mexico, and to investigate the relative importance of DIP and DOP uptake for each microbial group. To build a better mechanistic understanding of the factors leading to variation in P uptake rates, we investigated the variation in cellular allocation of P across these microbial groups. It has been found that phospholipid production can be responsible a large fraction of bulk microbial P uptake, up to 30% (Van Mooy et al., 2006; Van Mooy et al., 2009 ), yet phospholipids represent a highly variable fraction of total particulate P (1-14%, Popendorf et al., 2011b) . Some phytoplankton can substitute non-P containing membrane lipids in place of phospholipids in P-deplete conditions, however heterotrophic bacterial membranes have been shown to be dominated by P-lipids in even P-depleted environments (Van Mooy et al., 2006; Van Mooy et al., 2009; Popendorf et al., 2011a ). Thus we expect that lipids are likely to be one of the most variable intracellular biochemical P pools across microbial groups, and that this variation in P allocation to lipid production may be a major factor contributing to variation in P uptake rates in a P-depleted environment. We applied a novel combination of isotope labeling,
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Results

Hydrographic conditions and nutrient concentrations
Samples were collected at three stations in the offshore waters of the Northern Gulf of Mexico (exact locations given in Table 1 ). Samples were collected at 10 m depth and the deep chlorophyll maximum (DCM), which ranged from 50-60 m. At all three sites, salinity in the upper 60 m was above 36 PSU, indicating that the sites were not impacted by the Mississippi River plume. Salinity and temperature did not vary substantially between sites (Table 1) . At 10 m, DIP (measured as soluble reactive phosphorus, SRP) was at very low concentration, averaging 9 ± 4 nM across the three stations (range 5-12 nM; Fig. 1 , Table 1 ). DOP concentration at 10 m was much higher and similarly consistent across stations, averaging 105 ± 15 nM (range 93-122 nM), and comprising approximately 93% of the total dissolved P (TDP) pool on average. At the DCM, P concentrations were much more variable across the three stations. At stations 1 and 3, at the DCM, the DIP concentration was significantly elevated relative to 10 m, and was similar to or greater than the DOP concentration (DOP comprising 55% and 35% of TDP at stations 1 and 3 respectively). In contrast, at station 2 the dissolved P concentrations at the DCM were similar to those at 10 m, with DIP <20 nM at both depths and DOP concentration greater than 90% of TDP at both depths (DOP comprising 94% and 92% of TDP,at 10 m and the DCM respectively).
Microbial populations
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The most abundant microbial group was non-pigmented heterotrophic bacteria (bac), averaging 1.2 ± 0.3 x 10 5 cells mL -1 across all samples from all stations ( Fig. 2A, B ; Table 2 ).
There was no statistical difference in abundance between samples from 10 m and the DCM (Fig.   2 ). Phytoplankton was dominated by small picoplankton groups, with the most abundant microbial groups being the cyanobacteria Pro and Syn. At both10 m and the DCM Pro was nearly as abundant as bac, while Syn was nearly an order of magnitude less abundant. Pro abundance was not significantly different at the DCM compared to 10 m, while Syn abundance was higher at the DCM compared to 10 m. At both depths, euk were less abundant than the cyanobacteria, at 10 m an order of magnitude less abundant than Syn, and at the DCM about half the abundance of Syn.
Phosphorus uptake rates
Phosphorus uptake rates were measured using incubations with either radiolabeled phosphate (orthophosphate, abbreviated 33 PO 4 ), representing DIP, or radiolabeled adenosine triphosphate ( 33 P-γ-ATP), a DOP compound. DIP uptake rates were calculated using the uptake of 33 PO 4 and the ambient DIP concentration, while the uptake of 33 P-γ-ATP was used to estimate both uptake rates of ATP ( Fig. 2 ; Table 2 ) and DOP (Table 2 ; calculation methods given in experimental procedures). On the basis of uptake rate per biovolume (amol P m -3 hr -1 ), bac had the highest P uptake rates in all samples (Fig. 2C, D) . Bac P uptake rates exceeded those of the other microbial groups by more than an order of magnitude for ATP at both 10 m and the DCM as well as for DIP at 10 m. Bac P uptake rates per biovolume were roughly four times or more those of other groups for DIP at the DCM ( Fig. 2 ; Table 2 ).
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On a per cell basis (amol P cell -1 hr -1 ), euk and Syn presented the highest DIP and ATP uptake rates at both depths ( Fig. 2 E,F; Table 2 ). Euk uptake rates were greater than Syn for both substrates at both depths, though the difference was only significant for ATP uptake rates at 10 m ( Fig. 2E ; significant at p<0.05). Pro and bac had lower per cell P uptake rates for both substrates at both depths, less than half the euk uptake rate in most cases (Fig. 2E, F) . Bac per cell P uptake rates were greater than Pro in all cases except for DIP uptake at the DCM, where bac had the lowest per cell uptake rates amongst the microbial groups (Fig. 2F ). For bac, DIP uptake rate was significantly higher at 10 m compared to the DCM (significant at p<0.05). For
Syn and euk, DIP uptake rates were greater at the DCM compared to 10 m. For Pro there was no significant difference in DIP uptake rates between 10 m and the DCM. For all microbial groups, ATP uptake rates were greater at 10 m compared to the DCM (difference was not significant for
Pro).
As a population, bac was responsible for >60% of total picoplankton ATP uptake rate (pmol P L -1 hr -1 ) at 10 m and the DCM, and >50% of total picoplankton DIP uptake at 10 m and roughly 25% of DIP uptake at the DCM (Fig. 3) . Pro was responsible for roughly 30% of total picoplankton DIP uptake at 10 m and 20% at the DCM, but was responsible for less than 10% of total picoplankton ATP uptake at both 10 m and the DCM. At the DCM euk was responsible for >20% of DIP uptake and almost 15% of ATP uptake; but at 10 m euk represented <10% of DIP and ATP uptake. Syn was responsible for roughly 20% of total picoplankton ATP uptake at both depths, and was responsible for roughly 40% and 10% of the total picoplankton DIP uptake at the DCM and 10 m, respectively.
Accepted Article
9
Phosphorus allocation into phospholipids
The uptake rate of P, from both 33 PO 4 and 33 P-γ-ATP, into specific phospholipid headgroup classes was measured in individual groups of microbes using cell sorting by flow cytometry followed by preparative liquid chromatography. The production rates (amol P cell -1 hr -1 ) of the phospholipids phosphatidylglycercol (PG), phosphatidylethanolamine (PE), and phosphatidylcholine (PC) were measured in Pro, Syn, and bac at 10 m. These production rates were divided by the total cellular P uptake rates (amol P cell -1 hr -1 ) to determine the percentage of P uptake allocated to phospholipid production in each microbial group ( Fig. 4 ; Table 2 ). Bac allocated significantly more P uptake to phospholipid production,compared to Pro and Syn, for P from both DIP and ATP (significant at p<0.05). Notably, for all three microbial groups there was no statistical difference in the fraction of DIP uptake or ATP uptake allocated to phospholipid production (p>0.05, paired t-test). Across both P substrates, bac allocated an average of 18.2 ± 4.0% of P uptake to phospholipid production, while Pro and Syn allocated an average of 6.3 ± 1.3% and 3.7 ±1.6% respectively.
The vast majority of phospholipids produced by the cyanobacteria were PG, 81% of total phospholipids production for Pro and 85% for Syn (averaged across incorporation of both DIP and ATP). In Pro and Syn there was some incorporation of P into PE (15% and 11% of total phospholipid production for Pro and Syn, respectively) and minimal incorporation of P into PC (5% and 4% for Pro and Syn, respectively). In contrast, PE was a much larger fraction of phospholipids produced by bac, approximately 42%, while PG was 50% and PC was 8% of total phospholipid production (averaged across incorporation of both DIP and ATP).
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Major microbial players in phosphorus cycling
Due to both the high relative abundance of bac and their per cell uptake rates, as a population bac dominated total picoplankton P uptake. At both 10 m depth and the DCM, bac were responsible for the majority of picoplankton ATP uptake, as well as the majority of DIP uptake at 10 m. This concurs with the results of prior studies examining cell specific P uptake rates in other regions that have found heterotrophic bacteria to be the primary agents of DIP and DOP uptake in the Sargasso Sea (Michelou et al., 2011) , the central North Atlantic (Zubkov et al., 2007) , DIP uptake in the Mediterranean Sea (DOP uptake not measured; Talarmin et al., 2014) , and DOP uptake in the North Pacific subtropical gyre (Björkman et al., 2012) .
Relative to their abundance, Pro played a small role in community P uptake, particularly for ATP. With low ATP uptake rates per cell, less than one-fifth the other microbial groups, Pro was responsible for less than one-tenth of the total picoplankton ATP uptake at both depths. The patterns of P uptake rates in Pro and bac that we observed in the Gulf of Mexico were similar to the patterns found in a study in the North Pacific subtropical gyre (Björkman et al., 2012) . These findings support the evidence that Pro is particularly well-adapted for DIP uptake in low P environments (Lomas et al., 2014) and the hypothesis that Pro may thus rely relatively little on DOP uptake relative to other organisms (Martiny et al., 2009; Duhamel et al., 2010) .
A more systematic trend in the distinct roles of the different microbial groups in P cycling is apparent when each group's contribution to total picoplankton P uptake is plotted against their contribution to total picoplankton cell abundance ( Fig. 5A ) and total picoplankton
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11 biovolume (Fig. 5B ). Across all microbial groups, there was a positive trend in contribution to P uptake relative to cell abundance (Fig. 5A ). The low contribution of Pro to community P uptake is particularly apparent relative to their cell abundance. In contrast, euk made a relatively high contribution to P uptake relative to their cell abundance (Fig. 5A ), but a low contribution to P uptake relative to their biovolume (Fig. 5B) . Syn also made a relatively high contribution to P uptake relative to their cell abundance ( Fig. 5A ), though there was not a strong relationship between their contribution to biovolume and P uptake (Fig. 5B ). For bac, their contribution to P uptake is roughly proportional to their cell abundance ( Fig. 5A ), however their contribution to P uptake is notably high relative to their biovolume (Fig. 5B ).
The high P uptake rate per biovolume that we measured in bac is in accordance with the high relative P content that has been observed in bacteria. In bac from the P-deplete Sargasso Sea Gundersen et al. (2002) found relatively low C:P, in the range of 59-143, compared to a study of P-deplete cultures of cyanobacteria which had much higher C:P ratios on the order of 464-779 (Bertilsson et al., 2003) . A study of cellular C and P quotas of Pro, Syn, and bac in environmental populations showed this same trend in high C:P in cyanobacteria relative to bac in the central North Atlantic (Grob et al., 2013) .
The advances in cell sorting flow cytometry that have enabled the measurement of nutrient uptake rates in individual marine microbial groups from environmental samples are still relatively recent (Zubkov et al., 1999; Lebaron et al., 2001; Zubkov et al., 2001; Lebaron et al., 2002) . The use of this tool is increasing rapidly , and across studies a relatively coherent picture of microbial P function is emerging. The per cell P uptake rates that
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we measured for Pro, Syn, euk and bac in the Gulf of Mexico displayed similar patterns of variation across microbial groups and were numerically similar to measurements made in the Sargasso Sea (Casey et al. 2009; Michelou et al. 2011 ) and the western North Atlantic (Lomas et al. 2014 ). Indeed our estimates of uptake rate per biovolume fall within the standard deviation of rates found in Casey et al. (2009) , indicating that these microbial groups may function similarly across P-depleted environments. Our results concur with those of other studies demonstrating that bac have distinctly high P uptake rates per biovolume, and are playing a dominant role in phosphorus cycling.
Comparison of DIP versus DOP uptake across microbial groups
The relative microbial reliance on DIP versus DOP as a P substrate is a central question in understanding the nutrient controls on microbial productivity and the microbial role in P cycling. In many ocean biomes the concentration of DOP far exceeds DIP (Karl and Björkman, 2015) . The ratio of DOP:DIP that we observed at 10 m, roughly 9:1, was very similar to ratios observed in the surface waters of the Sargasso Sea (Lomas et al., 2010) and the North Pacific Subtropical Gyre (Björkman et al., 2000; . Given the high concentration of DOP relative to DIP, this pool has the potential to supply a large fraction of microbial P needs, dependent upon the composition and lability of the DOP pool and on the microbial capacity to utilize and remineralize these substrates in a particular environment (Lomas et al., 2010; White et al., 2012) .
Despite the fundamental nature of this question, the tools available to quantitatively assess microbial DOP uptake are relatively limited.
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Phosphate represents the majority of the DIP pool (Benitez-Nelson, 2000) , therefore the uptake of 33 PO 4 can be assumed to be directly representative of DIP uptake. DOP, on the other hand, is a pool of chemically diverse compounds, the uptake of which is unlikely to be accurately represented by any single compound. When described by bond-class, the pool of DOP has been found to be roughly 75% phosphoesters across a range of environments, and this bond-class of compounds is expected to represent the more bioavailable fraction of DOP (Clark et al., 1998 (Clark et al., , 1999 Kolowith et al., 2001; Young and Ingall, 2010) . Dissolved ATP is expected to be <0.5%
of total DOP (Karl and Bossard, 1985; Karl, 2001, 2005) , however, as a phosphoester compound, ATP may be considered to be representative of phosphoester DOP uptake. Therefore we used the measured uptake rate of 33 P-γ-ATP two different ways: (1) to represent ATP uptake rate, providing a lower bound, conservative estimate of uptake of one compound of DOP; and (2) to represent phosphoester DOP uptake, providing an estimate of uptake of this broader, presumably bioavailable pool of DOP (Table 2 ). If we assume that the uptake of 33 P-γ-ATP is quantitatively representative of phosphoester DOP uptake, then the rates that we measured indicate that DOP uptake could be supplying the majority of P needs for each microbial group, roughly 80% for Syn, euk, and bac, and close to 60% for Pro (Table 2 ).
However, due to the uncertainty in the fraction of the DOP pool represented by ATP uptake true proportions are likely to be far lower.
Though tracing the uptake of one organic P compound (here 33 P-γ-ATP) is an imperfect method for quantifying the uptake of the chemically diverse DOP compounds, we can nonetheless gain insight on the relative reliance of each group on DOP by comparing the ratio of DIP uptake rate to DOP uptake rate (hereafter, DIP:DOP rate) across the different microbial
Accepted Article
14 groups (Fig. 6 ). Due to the uncertainty in the measurement of DOP uptake rates these ratios do not represent the actual proportion of cellular P coming from DOP versus DIP. However, by comparing DIP:DOP rate across microbial groups we can identify distinct relative trends in preferential P substrate utilization. At 10 m Pro had a high DIP:DOP rate relative to the other microbial groups, indicating that Pro utilizes relatively more DIP versus DOP compared to the other groups. Euk, on the other hand, had a DIP:DOP rate less than half that of Syn and bac, indicating relatively high utilization of DOP versus DIP compared to the other groups. At the DCM, the DIP:DOP for bac was much lower than other groups, indicating that at the DCM bac utilized relatively more DOP versus DIP compared to the other groups
High rates of P uptake reflect different P allocation by heterotrophic bacteria
Per unit biomass, bac had much higher P uptake rates than other picoplankton groups.
This high cellular uptake may be directed towards many different cellular materials that require P. The most abundant of these intracellular P-containing biochemicals are nucleic acids, both DNA (Bertilsson et al., 2003; Coleman and Chisholm, 2010; Zimmerman et al., 2014b) and RNA (Karl, 1981; Kemp et al., 1993; Kerkhof and Ward, 1993; Van Mooy and Devol, 2008; Zimmerman et al., 2014a) , lipids (Wakeham et al., 1997; Van Mooy et al., 2009; Popendorf et al., 2011b) , potentially P storage compounds such as polyphosphate (Perry, 1976; Diaz et al., 2008; Martin and Van Mooy, 2013) , and to a lesser but physiologically important extent energy trafficking molecules such as ATP and NADH (Bossard and Karl, 1986) . We hypothesize that the observed variation in P uptake rate per biomass across microbial groups is driven in part by variation in P allocation into different biochemicals. Under this hypothesis, bac would allocate the "excess" P from their high uptake rates into certain Accepted Article biochemicals rather than having uniformly more abundant P-containing biochemicals (per biovolume) relative to phytoplankton.
Based on evidence of variation in microbial membrane lipid composition (Van Mooy et al., 2006; Popendorf et al., 2011a) we targeted lipids as a biochemical likely to be playing an important role in the variation in P uptake rates across microbial groups. It has previously been demonstrated that many phytoplankton are capable of substituting non-P lipids in place of phospholipids in low P conditions (Benning et al., 1993; Benning et al., 1995; Van Mooy et al., 2006; Van Mooy et al., 2009; Popendorf et al., 2011a) , bringing their cellular phospholipid content to less than 10% relative to total lipids. In contrast, bac maintain a minimum of 60% phospholipids relative to total cellular intact polar lipids even in P-deplete conditions (Popendorf et al., 2011a) . Presumably this ability to decrease cellular phospholipid content conveys an advantage to cells through a decreased cellular P quota or the ability to redirect P towards other biochemical pools, in either case altering the allocation of P within the cells. To date no study had directly measured this allocation in individual microbial groups in the environment.
In the oligotrophic, P-deplete Gulf of Mexico, we found significant variation in P allocation to phospholipids across three different microbial groups, ranging from 4 to 20% of P uptake allocated to phospholipid production. We found that bac allocated a relatively large fraction of P uptake to phospholipids, roughly 18%, while cyanobacterial phytoplankton, Pro and Syn, allocated far less P to phospholipids, roughly 5%. In prior measurements of bulk planktonic community P uptake allocation to phospholipid production, Van Mooy et al. (2006 ) observed a range of allocation from 1 to 28%, but this wide-range in variation only
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16 occurred across environments that spanned roughly two orders of magnitude of DIP concentrations. Our data indicates that within a narrow range of P-depleted DIP concentrations, in a single biome, bac and phytoplankton are employing distinct P allocation strategies that lead to large variation in P allocation to lipids. This demonstrates that lipids are a variable fraction of cellular P across microbial groups, leading to variation in the biochemical form of intracellular P across microbial groups.
Given that lipids form the membranes of cells, we might expect that the fraction of cellular material devoted to lipid production would scale with the increasing surface area to volume ratio as cell size decreases. We explored this relationship to determine if the observed variation in allocation could be accounted for by variation in cell size. Assuming average cell diameters and spherical geometry, we found that across the three microbial groups there was a positive trend in the relationship between expected surface area to volume ratio and fraction of P allocated to phospholipid production (Fig. 4C) . Normalized to the expected surface area to volume ratio, the P allocation to phospholipids was significantly greater in bac than in Pro and Syn (Fig. 4D, p<0 .05 with one-way ANOVA and post-hoc Tukey-Kramer hsd test). This indicates that, disproportionate with their higher surface area to volume ratio, bac are allocating a larger fraction of cellular P uptake to the production of phospholipids relative to other cellular components. This high allocation into phospholipids is likely a factor driving the higher per volume P uptake rates in bac relative to other microbial groups.
Variation in phospholipid headgroup classes produced by heterotrophic bacteria and cyanobacteria
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Exploring the classes of phospholipids produced by each microbial group displayed differences in microbial physiology across the groups and indicated dominant microbial sources for specific phospholipid classes. The phospholipids produced by Pro and Syn were predominately PG, which concurs with the lipid profile observed in both cultures of Pro and Syn (Wada and Murata, 1998; Van Mooy et al., 2006) and environmental samples (Popendorf et al., 2011a) . Pro and Syn produced some PE and also a small amount of PC, which concurs with analysis of environmental samples (Popendorf et al., 2011a) but is at odds with data from axenic cultures (Wada and Murata 1998; Van Mooy et al. 2006) . It has previously been suggested that some of the PE and PC found in flow cytometry cell sorted environmental samples may be due to minor contributions from robust cyanobacteria-heterotrophic bacteria cell assemblages (Malfatti and Azam, 2009 ) which are potentially not dissociated during the sorting process (Popendorf et al., 2011a) . Alternatively, it may be that the differences observed between axenic cultures and environmental populations reflect differences in physiology when cells are in a natural setting exposed to predation, competition, and other factors, or there may be different strains present in the environment than those that have been examined in culture. In either scenario, the contribution of cyanobacteria to the production of PE and PC appears to be relatively minimal, and PG was the primary phospholipid produced by both Pro and Syn.
In the sorted population of bac, there was more production of PE and PC relative to phytoplankton, with roughly even proportions of PG and PE produced and a small amount of PC.
The proportions of phospholipids produced were similar to the phospholipid profile observed in environmental samples of heterotrophic bacteria (Popendorf et al 2011) . As with the phytoplankton, this was slightly different from the lipid profile found in cultures of heterotrophic
18 bacteria where PE and PG have been found to be dominant but PC is minimal or not present (Oliver and Colwell, 1973; Van Mooy et al., 2009 ). This again may be a reflection of variation in strains present in the environment compared to culture, or different physiology in an environmental setting. From our measurements of phospholipid production in these different cell groups, in conjunction with evidence from both cultures and other environmental studies, it is clear that bac produce significantly more PE than cyanobacteria. Both PE and PC are zwitterionic molecules, at seawater pH, while PG is negatively charged (Van Mooy and Fredricks, 2010) . Therefore this difference in phospholipid composition between bac and cyanobacteria likely leads to differences in the physiological properties of the cell membranes (Zhang and Rock, 2008) .
Conclusion
In the oligotrophic P-depleted Gulf of Mexico we found that bac are playing a dominant role in microbial P uptake, both as DIP and ATP. The contribution of bac to total picoplankton P uptake is disproportionately high relative to their contribution to total picoplankton biovolume.
Pro was found to rely relatively less on DOP uptake compared to the other microbial groups, and had low contribution to total picoplankton P uptake relative to their cell abundance.
Cyanobacterial phytoplankton, both Pro and Syn, were found to allocate significantly less of their cellular P uptake to phospholipid production, compared to bac which allocated roughly onefifth of total P uptake to phospholipid production. With high P uptake rates per biomass, high allocation of P to phospholipids, and a dominant role in microbial P uptake, heterotrophic
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bacteria have a uniquely P-oriented physiology and are playing a significant role in the cycling of P in P-depleted environments.
Experimental Procedures
Shipboard sample collection
Samples were collected at three sites in the Gulf of Mexico in April 2013 during the WS1304 cruise aboard the R/V F. G. Walton Smith. Whole seawater samples were collected at 10 m depth and at the deep chlorophyll maximum (DCM, determined on the downcast using a rosette-mounted fluorometer; depths and exact locations given in Table 1 ) using Niskin bottles mounted on a rosette equipped with a conductivity, temperature and depth sensor package (Seabird) as well as a fluorometer, photosynthetically active radiation (PAR) and oxygen sensors. All samples were collected at the same time of day just before dawn. Upon arrival on deck, water for cell enumeration and incubations was collected into acid-clean, 2 L polycarbonate bottles, while water for nutrient analysis was collected into acid-clean highdensity polyethylene bottles (HDPE) and immediately frozen (-20C).
Dissolved phosphorus analysis
Frozen samples (duplicate, 220 mL) were kept at -20 C until analysis in the lab. Soluble reactive phosphorus (SRP) was analyzed in triplicate 50 mL samples using the magnesium induced co-precipitation (MAGIC) method (Karl and Tien, 1992) with arsenate correction (Johnson, 1971 ) and molybdenum blue complex spectrophotometric analysis (Strickland and Parsons, 1972) as described by Lomas et. al (2010) . Samples were read on a Shimadzu UV-Vis 2450 spectrophotometer, at 880 nm in a 10 cm quartz cuvette (Starna). The limit of detection
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and precision were 5.1 nM and 2.3 nM, respectively (standard deviation of triplicate measurements). Total dissolved phosphorus (TDP) was analyzed using potassium persulfate digestion according to Thomson-Bulldis and Karl (1998 Following acid digestion, SRP concentration was analyzed as described above. Standards were prepared in artificial seawater using both potassium phosphate monobasic and glycerophosphate to check recovery. Glycerophosphate recovery relative to phosphate was greater than 95%.
Dissolved organic phosphorus (DOP) was calculated as the difference between TDP and SRP, and standard deviations (Table 1) were propagated accordingly.
Cell enumeration
Duplicate 1.5 mL samples were preserved in electron microscopy grade paraformaldehyde (PFA) solution (0.5% final concentration) for 15-30 minutes at room temperature, flash frozen in liquid nitrogen and stored at -80 C until analysis in the lab. Cells were analyzed using a BD Influx flow cytometer equipped with a fluorescence activated sort module, following the procedure outlined in Björkman et al. (2012) . Sheath fluid was BioSure sheath solution diluted 10 fold with 18.2 Ω ultrapure water and filtered through a 0.2 m capsule filter in-line on the instrument fluidic system. Pigmented phytoplankton were enumerated without staining using excitation by 488 and 457 nm lasers focused through the same pinhole, improving differentiation of relatively low autofluorescent populations of Prochlorococcus (Björkman et al. 2012; Duhamel et al. 2014) . Picoeukaryotic pigmented phytoplankton (euk), Synechococcus (Syn) and Prochlorococcus (Pro) populations were discriminated by chlorophyll
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This article is protected by copyright. All rights reserved. were quantified by subtracting Pro cell mL -1 enumerated in unstained samples (Björkman et al., 2012) . Following addition of 33 P, bottles were placed in on-deck flow-through incubators at approximately surface temperature conditions and depth-representative light conditions.
Incubations with 33 P labeled substrates
Samples were incubated for 3-8 hours according to expected DIP turnover time (determined by shipboard measurements). Killed controls, fixed with PFA (1% final concentration) prior to 33 P addition, were processed along with the samples. At the end of incubations, bottles were split into the following subsamples: for cell-specific P uptake rate, duplicate 3.5 mL samples were
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fixed with PFA (0.5% final concentration) and frozen as described above; for dissolved phosphorus turnover time, 10 mL was filtered onto a 25 mm 0.2 m polycarbonate filter (Millipore) and measured shipboard on a liquid scintillation counter (Beckman Coulter); and, from the 155 mL incubations only, 88 mL was concentrated for cell-specific phospholipid production rate measurement as described below.
Cell-specific P uptake rate
The microbial groups Pro, Syn, euk, and SYBR-stained picoplankton (excluding Syn and euk) were discriminated as described above for cell enumeration and were sorted at an average SYBR-stained picoplankton, respectively. Fluorescent beads added to samples were also sorted (approximately 1.5x10 4 beads per sample) into separate tubes to assess background radioactivity (Björkman et al., 2012; Duhamel et al., 2014) . Sorts were collected directly into 6 mL polypropylene screw-cap scintillation vials, to which 4 mL Ultima Gold LLT scintillation cocktail (Perkin Elmer) was added and samples shaken vigorously. Sample radioactivity was measured on a Perkin Elmer Tricarb 3110 TR liquid scintillation counter with low level option, 5 minute count time in the energy range 4-250 kEV. Activity of bac was determined by correcting for the contribution of Pro to the SYBR-stained activity as described for cell counts. For each sample, per cell P uptake rate was determined as follows:
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where P i is the microbial group-specific cellular P uptake rate (amol P cell -1 hr -1 ), A is the 33 P activity in the flow-cytometry sorted cells (dpm), S is the specific activity of the 33 P in the seawater incubation (dpm mol -1 P), t is the length of the incubation (hr), and n is the number of cells collected by cell sorting flow cytometry. To convert our measurement of 33 PO 4 uptake rate into DIP uptake, we calculated the specific activity of PO 4 as the ratio of the 33 PO 4 spike to the measured concentration of ambient SRP. We used the measured uptake rate of 33 P-γ-ATP two different ways: (1) to estimate the uptake rate of ATP, by calculating the specific activity of 33 P-γ-ATP using the expected concentration of dissolved ATP from the literature, assumed to be 0.2 nM (Björkman and Karl, 2005) ; (2) to estimate the uptake rate of phosphoester DOP, by calculating the specific activity of 33 P-γ-ATP using the measured DOP concentration, scaled for the 75% of DOP expected to be phosphoesters (Kolowith et al., 2001 ). Phosphorus uptake rate per volume was calculated by dividing the per cell uptake rates (Eq. 1) by the expected cell volume, assuming spherical cell geometry and the following cell diameters: bac 0.3 m (cell volume from Rappé et al., 2002 , based on spherical geometry), Pro 0.6 m (Raven, 1998) , Syn 0.9 m (Raven, 1998) , and euk 2.3 m (cell volume from Campbell et al., 1997, based on spherical geometry). Total picoplankton P uptake rate (amol P L -1 hr -1 , Fig. 3 ) was calculated as the sum of each microbial group cell concentration (cell mL -1 ) multiplied by per cell P uptake rate (amol P cell -1 hr -1 ).
Cell-specific phospholipid production rate
Samples for cell-specific phospholipid production were concentrated at sea using gentle vacuum filtration similar to the method described by Popendorf et al. (2011) and Fawcett et al. (2011) .
Briefly, sample (88 mL) was filtered through a 25 mm 0.2 m polycarbonate filter (Millipore),
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and filtration was stopped when less than 1 mL of liquid remained on filter. The liquid was transferred to a 2 mL cryovial with a pipette, and forceps were used to carefully transfer the wet filter to the cryovial (with the cell-side of the filter towards the interior of the vial). Filtered seawater with PFA (0.2 m filtered; 0.5% final concentration) was immediately added to the vial to a final volume of approximately 2 mL. The vial was gently mixed and left at room temperature for 15-30 minutes. Samples were then flash frozen in liquid nitrogen and stored at -80 C until analysis in lab. Microbial populations were discriminated and sorted as described above for P uptake rate, with the exception of heterotrophic bacteria. For phospholipid production rate measurement it was necessary to separate SYBR-stained bac from SYBR-stained Pro (as opposed to the back-calculation of relative contribution of each group that is possible for per cell P uptake rate measurements). Using excitation with the 488 and 405 lasers in the same pinhole, on concentrated samples, it was possible to distinguish two distinct populations in Chl vs. FSC and Green vs. FSC, with bac having the lower FSC, Chl and Green signals. These two populations were sorted separately, and the phospholipid production rate of the higher FSC and fluorescence group was indistinguishable from the production rate of Pro measured in unstained samples (data not shown), confirming accurate differentiation of Pro and bac in the SYBR stained sorts. For each sample, approximately 8x10 5 , 7x10 5 , and 7x10 5 cells were collected for
Pro, Syn, and bac, respectively. Cells were collected for euk as well but cell abundance was too low for phospholipid production rate to be measured in this group. Cells were sorted directly into combusted (>4 hours 450 C) 12 mL glass centrifuge vials. Immediately after sorting, lipids were extracted using a modified Bligh and Dyer solvent extraction protocol following Van Mooy and Fredricks (2010) . Following methods described by Van Mooy et al. (2014) , three phospholipid headgroup classes of intact polar diacylglycerolipids were then purified from the
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total lipid extract (TLE) using preparative high-pressure liquid chromatography (HPLC):
phosphatidylglycerol (PG), phosphatidylethanolamine (PE), and phosphatidylcholine (PC).
Separation and collection of purified fractions was carried out using an Agilent HP1050 HPLC coupled with a Teledyne ISCO Foxy Jr. fraction collector and normal phase chromatography with a PrincetonSpher diol column (100 Å poresize, 5 m silica beads, 150 mm x 2.1 mm). Full chromatography methods are given in Popendorf et al. (2013) . Time-based fraction collection windows were set after verifying retention time and chromatographic stability using repeat injections of dipalmitoyl synthetic standards of PG, PE, and PC (Avanti Polar Lipids, Inc.) and detection with a Sedere Sedex 75 Evaporative Light Scattering Detector (ELSD). Retention time of standards was monitored every 7-10 samples to verify chromatographic stability. Following fraction collection, each fraction (1-2 mL HPLC eluents) was transferred to a 20 mL glass scintillation vial with 10 mL Ultima Gold LLT scintillation cocktail. Radioactivity of each phospholipid class was assayed on a liquid scintillation counter as described above.
Statistical analysis
Error in measurements (±) are reported as the standard deviation of replicate measurements.
Statistical significance of results was evaluated using statistics functions in Matlab (R2012a).
Significance of differences between stations (Table 2 ) was tested using Kruskal-Wallis nonparametric analysis of variance and post-hoc Bonferroni test. Statistical differences reported between microbial groups used one-way ANOVA (normal distributions verified using the Lilliefors test) and post-hoc Tukey-Kramer test. Differences between depths and between DIP and ATP uptake used paired t-tests. Differences were considered significant at p<0.05.
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Lebaron, P., Servais, P., Agogué, H., Courties, C., and Joux, F. Accepted Article Table and Figure Legends   Table 1 Station locations in the Northern Gulf of Mexico, including sample depths, water column properties at those depths, and dissolved phosphorus concentrations (average ± standard deviation of replicate samples). Table 2 Cell abundance, phosphorus uptake rate (per cell and per biovolume), and phosphorus allocation to phospholipid production for Prochlorococcus, Synechococcus, eukaryotic phytoplankton, and Representative profiles of temperature, salinity, and fluorescence for the upper 100 m at Station 2. Arrows indicate the depths of samples for dissolved P concentration.
Figure 2
Cell abundances and dissolved P uptake rates of the four dominant picoplankton groups in the Gulf of Mexico, non-pigmented heterotrophic bacteria (bac) in black, Prochlorococcus (Pro) in
Accepted Article
This article is protected by copyright. All rights reserved. Ratio of average DIP uptake rate (amol P cell -1 hr -1 ) to average DOP uptake rate (amol P cell 
